Recently twisted bilayer graphene(t-BLG) 1-5 emerges as a new strongly correlated physical platform near a magic twist angle 4 , which hosts many exciting phenomena such as the Mott-like insulating and unconventional superconducting behavior [6][7][8] [9] [10] . Besides the apparent significance of band flatness 4 , band topology may be another critical element in strongly correlated twistronics yet receives much less attention [11] [12] [13] [14] . Here we report the discovery of nontrivial high dimensional band topology in t-BLG moiré bands through a systematic nonlocal transport study 15, 16 , in conjunction with an examination rooted in K-theory 17 . The moiré band topology of t-BLG manifests itself as two pronounced nonlocal responses in the electron and hole superlattice gaps.
It is widely known that overlaying two identical periodic lattices with a relative twist generates a larger-scale interference structure, i.e., the moiré pattern. For two-dimensional (2D) materials, such twists create moiré superlattices by reducing translation symmetry in real space and folds electron Bloch bands into moiré Brillouin zones (MBZ) in momentum space [1] [2] [3] [4] [5] . The moiré bands can exhibit striking phenomena such as the Hofstadter's butterfly in fractal quantum Hall effect [18] [19] [20] and the moiré potential-modulated interlayer excitons [21] [22] [23] [24] . Remarkably, strongly correlated electron behavior including Mott-like insulating phases and possibly unconventional superconductivity have been discovered in twisted bilayer graphene 6-9 (t-BLG) near a magic angle 4 (~1.1 ) and in aligned trilayer graphene/hexagonal boron nitride (hBN) heterostructures 25, 26 .
Besides their extreme band flatness, nontrivial band topology may be another crucial feature in determining the observed strongly correlated phases. One celebrated example is the well-studied incompressible fractional quantum Hall effect 11 , in which the partially filled Landau level has a nontrivial Chern number 12 . Another example is the predicted Z4 parafermions 13 , for which the 8π
Josephson effect is mediated by a helical edge state of 2D topological insulator (TI) 14 with a sufficiently small velocity. Therefore, it is of significance to investigate the possible topology of the active moiré bands in these correlated systems, which however has yet to be demonstrated experimentally, despite the most recent tantalizing discussions relating the t-BLG band topology to the concept of wannierizibility [27] [28] [29] .
Here we experimentally reveal the universal and unique moiré band topology of t-BLG at small twist angles by using systematic nonlocal transport measurements 15, 16, [30] [31] [32] . Previously, a nonlocal measurement scheme has been employed in detecting the helical edge state of 2D TI 15 and the topological valley current driven by Berry curvature 16, [30] [31] [32] . In this work, pronounced nonlocal responses are observed in both the electron and hole superlattice gaps of t-BLG 33 and persist in a wide range of applied displacement fields from 0 to 0.62 V/nm. Moreover, the nonlocal responses are consistently observed in 15 t-BLG devices with twist angles between ~1.3° and ~1.9°,
showing their robustness to twist angle and edge termination. We elucidate that the unique C2zT symmetry of t-BLG, though trivializing any Berry curvature, gives rise to two nontrivial bulk Z2
invariants that previously appear in six and seven dimensions in the celebrated periodic table of topological classification 17 . While one invariant protects the moiré Dirac points, the other dictates the presence of one pair of counter-propagating edge states per spin-valley in each superlattice gap. We further show that the observed non quantization and universal scaling of nonlocal resistance are consistent with the C2zT and valley symmetry breaking at edges. Our findings not only unveil the appealing moiré band topology of t-BLG but also offer a universal pathway for creating topological metamaterials by twist engineering 2D materials. The discovered moiré band topology may provide a new perspective for deciphering the tantalizing strongly correlated phenomena 6-10 in magic-angle t-BLG.
A schematic of our typical t-BLG devices is shown in Fig. 1a . We employed a "tear-and-stack" Three resistance maxima are observed at the charge neutrality point and at = ± ≈ 6.50 × 10 12 cm −2 (Fig. 1b) , at which the Fermi level crosses the degenerate Dirac points from the two original graphene monolayers and the two moiré superlattice-induced band gaps due to the interlayer hybridizations 33 , respectively. Here, denotes the carrier concentration corresponding to 4 electrons per moiré unit cell 33 , from which we can deduce the twist angle of this device to be ~1.68°. The error is estimated to be around 0.05°. Figure 1c shows the calculated moiré band structure of 1.68° t-BLG (Methods), where the red region in the middle and the two white regions adjacent to it highlight the two moiré Dirac bands (per spin-valley) and the two superlattice gaps, respectively. Both of the superlattice gaps are extracted to be ~40 meV based on the temperature dependent transport measurements (Extended Data Fig. 1b) , which is slightly larger than the calculated gaps (Fig. 1c) . Strikingly, pronounced nonlocal responses = / are observed in the superlattice gaps on both the electron-and hole-sides, as featured in Fig. 1b rotational symmetry requires the Berry curvatures of opposite momenta to be the same, whereas the time-reversal (T) symmetry requires them to be opposite. Thus, the C2zT symmetry of t-BLG leaves any momentum invariant and dictates any Berry curvature to be zero.
Because ( 2 ) ( )( 2 ) −1 = ( ) and ( 2 ) 2 = 1, t-BLG Hamiltonian ( ) belongs to class AI in the celebrated periodic table of topological classification rooted in K-theory 17 . In this classification (Table 1) , the topological invariant of
denotes the number of dimensions in which momentum is odd (even) under C2zT. Evidently, t-BLG can be characterized by two independent Z2 invariants, as ( ) is featured by d=0 and D=1 or 2. We find that both invariants are nontrivial for the moiré Dirac bands of t-BLG (per spin- Table 1 ) amounts to the quantized Berry phase (0 or ) of the lower band along a loop in the MBZ. The Berry phase ensures the presence of Dirac points at Ks or Ks' in the MBZ, which is confirmed by our observation of minimum conductivity at the charge neutrality below ~60 K (Extended Data Fig. 1a ) and previous measurements by other groups 33, 40 . 1e ) leads to the (gapped) counter-propagating edge states in each superlattice gap (Fig. 1f) .
The other Z2 invariant (d-D=6 in Table 1 ) over the entire MBZ can be visualized by computing the Wilson loop spectral flow 41 of the two moiré Dirac bands. This spectral flow corresponds to a wannier-center counterflow (calculated by using circle 1 in Fig. 1d ) along a loop (circle 2 in Fig.   1d ) around the MBZ (torus in Fig. 1d ), and the Z2 invariant characterizes the parity of the counterflow winding. In Fig. 1e , the red traces illustrate the counterflow winding for the two moiré Dirac bands, and the two crossings are symmetry-enforced stable points (Methods). Consistent topological features have also been discussed [27] [28] [29] , based on different and complicated approaches.
The nontrivial counterflow, reminiscent of that of 2D TI 41 , implies the presence of a pair of counter-propagating edge states per spin-valley in the electron superlattice gap (dashed curves in Fig. 1f ). Because of the particle-hole symmetry evidenced in Fig. 1c , such edge states also exist in the hole superlattice gap. Yet, due to the breaking of C2zT and valley symmetries by t-BLG boundary, the edge states acquire gaps (solid curves in Fig. 1f ). This is consistent with our observation of non-quantized nonlocal responses at low temperatures; the spreading of edge states into the bulk forms quasi-one-dimensional diffusion channels.
Next, we examine the impact of interlayer electric field on the discovered nonlocal response. To independently control the total carrier concentration and the average displacement field , we fabricated a dual-gate t-BLG device (D2). In this device (inset in Fig. 2a) , by tuning the top ( ) and bottom ( ) gate biases, we achieve = −( ( − Fig. 3) .
Importantly, as shown in Fig. 2b , appreciable nonlocal responses are observed at = ± no matter whether or not the field vanishes. ( drops dramatically to zero away from ± .) Not only is this consistent with the fact that the D field does not break the C2zT symmetry, it also
validates that the origin of nonlocal responses in t-BLG is distinct from the electric field driven
Berry curvatures in other 2D materials 30, 31 . On the electron side, the peak decreases from ~1.4 to ~0.9 kΩ as reduces from 0.62 to 0.02 V/nm (Fig. 2b) . We attribute the moderate enhancement in with to the possible formation of network of AB-BA domain wall modes The imperfect particle-hole symmetry of t-BLG may explain the observed asymmetric dependence of on the electron and hole sides. Nevertheless, similar particle-hole asymmetry has also been noticed in other t-BLG studies 7-10 .
We now extend our nonlocal measurements to t-BLG of different twist angles. We observe that the nonlocal responses are universal in all our t-BLG devices with twist angles from ~1.3° to ~1.9°. Table   1 for the device details.) For each twist angle, the red curve plots the measured data recorded at 80 K, whereas the blue curve plots the calculated density of states (DOS) as a function of carrier concentration (Methods). For each twist angle, the pronounced peaks coincide well with the DOS minima, which correspond to the two superlattice gaps separating the moiré Dirac bands in t-BLG spectra. We emphasize that the moiré Dirac bands of our studied small-angle t-BLG are topologically equivalent since the superlattice gaps do not close as the twist angle decrease from ~2° to the magic angle ~1.1° (Methods and Extended Data Fig. 3 ). Thus, our observation above the magic angle reveals unambiguously the nontrivial band topology of the moiré Dirac bands as a whole near the magic angle. Moreover, the standard etching process (Methods) defined arbitrary edge terminations in our devices. Thus, the existence of strong nonlocal responses in all our t-BLG devices implies the robustness of the observed phenomenon against the edge termination.
To further elaborate the physical mechanism of the observed nonlocal responses, we measure the length dependence of in a multi-terminal Hall bar device (D8) at 80 K. From the local resistance measurement, we estimate that the twisted angle is ~1.89°. The scaling between and is essential to understand the nonlocal transport mechanism. A power-law relation ~ is revealed by the Arrhenius plot (Fig. 4b) for the data points around ( ) peaks in the range ± ∆ = −5.54 ± 0.28 and 5.54 ± 0.22 (10 12 cm −2 ) measured in a respectively. This power-law scaling, together with the above revealed diffusion behavior, suggests that ~ − ⁄ . Furthermore, the magnitude of peaks on both electron and hole sides are reduced by ~100 times from 80 to 180 K (Fig. 4c) . At room temperature, the nonlocal responses can no longer be clearly identified. From the semi-log plot of peak versus 1/T (inset in Fig. 4c) , it is clear that has similar thermal activation behavior as in the superlattice gaps.
1.54° t-BLG device (D9
The activation energies ( ) are extracted to be 157 ± 20 meV (36 ± 1 meV) and 129 ± 16 meV (34 ± 2 meV) for the electron and hole sides, respectively, with ⁄ ~ 4. We attribute this deviation from to the temperature dependence of , since stronger scattering at higher temperature reduces and effectively enhances ⁄ .
The observed scaling relation between and in t-BLG is rather unusual. Previously, similar behavior is suggested for the spin Hall effect 49 and seen for the valley Hall effects 16, [30] [31] [32] , where the nonlocal transport is captured by a cubic law ~3 
